In this study, we show how the red spotted grouper nervous necrosis virus (RGNNV) causes loss of mitochondrial membrane potential and promotes host secondary apoptotic necrosis. RGNNV viral proteins such as protein α (42 kDa) and protein A (110 kDa) were quickly expressed between 12 h and 24 h postinfection (p.i.) in GL-av cells. Annexin V staining revealed that the NNV infection of GL-av cells induced phosphatidylserine (PS) externalization and development of bulb-like vesicles (bleb formation) at 24 h p.i. NNV infection also induced DNA fragmentation detectable by TUNEL assay between 12 h (8%) and 72 h (32%) p.i. Bongkrekic acid (1.6 μM; BKA) blocked permeability of the mitochondrial permeability transition pore, but cyclosporine A (CsA) did not block secondary necrosis. Finally, secondary necrotic cells were not engulfed by neighboring cells. Our data suggest that RGNNV induces apoptotic death via opening the mitochondrial permeability transition pore thereby triggering secondary necrosis in the mid-apoptotic phase.
Introduction
Apoptosis is a process whereby individual cells of multicellular organisms commit suicide in response to a wide variety of stimuli (Wyllie, 1980) . The genetically controlled and preprogrammed process eliminates cells during development to prevent redundancy. Alternatively, apoptosis may function as an emergency response following radiation damage, viral infection, or aberrant cell growth induced by oncogenes (Newton and Strasser, 1998) . Apoptosis and necrosis are two stereotyped mechanisms by which nucleated eukaryotic cells die (Wyllie et al., 1980; Majno and Joris, 1995) . Necrosis is considered to be a pathological reaction to major perturbations in the cellular environment such as anoxia , while apoptosis is considered to be a physiological process that preserves homeostasis by facilitating normal tissue turnover (Duvall and Wyllie, 1986; McConkey et al., 1989) . The mechanisms leading to apoptosis are now better understood (Jeurissen et al., 1992; Shen and Shenk, 1995; Chen et al., 1997; Inoue et al., 1997; Hong and Wu, 2002) and appear to be different from one system to another. Understanding the biochemical and molecular mechanisms that control apoptosis may ultimately lead to novel therapeutic strategies.
Recently, several groups have reported that phosphatidylserine (PS) externalization during apoptosis can be sensitively measured using annexin V, a protein with a natural high affinity for this aminophospholipid. Annexin V has been used to show that PS export to the outer leaflet of the plasma membrane is an early and important event in apoptosis of cells from numerous lineages and that it is inhibited by overexpression of apoptosis repressor proteins such as Bcl-2 and v-Abl (Martin et al., 1995; Koopman et al., 1994) . Interestingly, selective oxidation of phosphatidylserine (PSox) during apoptosis precedes externalization of PS in plasma membrane, a process that is essential for the engulfment of apoptotic cells. Tyuriana et al. (2004) proposed that PSox acts as a "non-enzymatic scramblase" and that it is likely to contribute to PS externalization.
Apoptosis is controlled at the mitochondrial level by the sequestration of apoptogenic proteins (such as cytochrome c, Smac/DIABLO, apoptosis inducing factor, and endonuclease G) in the mitochondrial intermembrane space, and the cytosolic release of these factors on exposure to proapoptotic signals (Wang, 2001; Madesh et al., 2002) . Mitochondrial membrane permeabilization (MMP) allows cytosolic binding of caspase (the downstream activator of apoptosis) (Wang, 2001; Ferri and Kroemer, 2001) . Also, proapoptotic signals mediated by cell death receptors are amplified through mitochondrial translocation of Bid, which in turn facilitates cytosolic release of cytochrome c and Smac/DIABLO, and caspase activation (Wang, 2001; Madesh et al., 2002; Kuwana, 1998) . MMP can affect both the inner and outer mitochondrial membranes, and precedes the signs of necrotic or apoptotic cell death, including the apoptosis-specific activation of caspases (Zamzami and Kroemer, 2001) . Adenine nucleotide translocase (ANT) plays a role in the exchange of ATP for ADP through the inner mitochondrial membrane, thus supplying the cytoplasm with ATP newly synthesized by oxidative phosphorylation. In a search for proapoptotic proteins, Bauer et al. (1999) identified the protein ANT1 as the main inducer of apoptosis. The overexpression of ANT1 produced rapid cell death, with a concomitant decrease in mitochondrial membrane potential (ΔΨm) and an increase in nucleosomal DNA degradation. Since it was sensitive to a caspase inhibitor and to inhibitors of the mitochondrial permeability transition pore (MPTP) such as bongkrekic acid (BKA), apoptosis and the involvement of MPTP were indicated (Bauer et al., 1999) . Hence, the mitochondrion is appreciated as a central integrator of prodeath stimuli, streamlining various types of proapoptic signals into a common caspase-dependent pathway (Ferri and Kroemer, 2001) . But in the case of aquatic virus-induced host apoptotic cell death, little is known.
Nodaviruses are small, non-enveloped, spherical viruses with bipartite-positive-sense RNA genomes that are capped but not polyadenylated (Ball and Johnson, 1999) . The family Nodaviridae contains two genera. Betanodaviruses predominantly infect fish, while alphanodaviruses mostly infect insects (Ball and Johnson, 1999; Schneemann et al., 1998; Van Regenmorted et al., 2000) . Betanodaviruses infect a wide variety of larval and juvenile marine fish worldwide (Ball and Johnson, 1999) , causing severe morbidity and mortality and significant economic losses to the aquaculture industry.
Despite their severe economic impact on the aquaculture industry, betanodaviruses are not well studied. Characterization of betanodavirus molecular regulation processes may help in elucidating the mechanism of viral pathogenesis and infection. In a previous study, greasy grouper (Epinephelus tauvina) nervous necrosis virus (GGNNV) of the Singapore strain was shown to induce apoptosis and activate the death effector enzyme caspase-3 in SB cells (Guo et al., 2003) . In the present study, we demonstrate that the RGNNV induces apoptosis followed by secondary necrosis in GL-av cells and that loss of mitochondrial membrane potential in the midapoptotic stage may mediate this induction. This necrotic process was blocked by the mitochondrial permeability transition pore inhibitor BKA, which may also act by rescuing virus-infected cells.
Results

NNV viral protein expression early in the replication cycle
The larger genomic segment contains RNA1. RNA1 encodes protein A, which is part of the viral RNA-dependent RNA polymerase (RdRp) (Nagai and Nishizawa, 1999) . In GL-av cells, protein A (MW, ca. 110 kDa) was expressed at 24 h post-RGNNV TN1 infection (p.i.) (as shown in Fig. 1, lane 4) , and expression increased about 30% over a 24-h period between 30 h and 54 h p.i. (Fig. 1, lanes 5-8) . The smaller genomic segment contains RNA2, which encodes a capsid protein named "protein α" (Nishizawa et al., 1995) . In GL-av cells, a small amount of protein α (about 42 kDa) was rapidly expressed at 12 h p.i. (Fig.  1, lane 3) ; the amount expressed was larger between 24 h and 54 h p.i. (Fig. 1, lanes 4-8) .
NNV induces exposure of PS at an early apoptotic stage
We used the GL-av cell line to test the feasibility of using annexin V-fluorescein labeling to detect early morphological changes in apoptotic cells. Figs. 2A and B show the presence of early apoptotic cells during RGNNV TN1 infection under the conditions described above. Fig. 2A shows the externalization of PS from the inner membrane, different morphological patterns (Figs. 2A, c and d) associated with randomly exposed PS (Figs. 2B, a-c), and bleb formation in RGNNV-infected cells (Figs. 2B, d-e). Annexin V-positive cell assay ( Fig. 2C) found that PS exposure is just minor at 12 h p.i. (6%) but is major at 24 h p.i. (60%) compared with normal control cells (0.5%). At all time points, the number of apoptotic-infected GLav cells was significantly greater than the number of apoptotic mock-infected GL-av cells.
Visualization of the apoptotic and secondary necrotic morphological changes in GL-av cells
Terminal deoxynucleotidyl transferase (TdT)-dUTP labeling of uninfected and RGNNV TN1-infected GL-av cells showed that apoptosis, as indicated by the presence of double-stranded DNA fragments in situ, occurred in virusinfected cells at all times sampled (Figs. 3A: b, d, and f). Apoptotic nuclei were rarely observed in control GL-av cells (Figs. 3A: a, c, and e) (0.5%; P b 0.05). The concentration of apoptotic nuclei at 12 h, 24 h, 48 h, and 74 h p.i. was 8%, 12.5%, 25%, and 32% (as shown in Fig. 3B ; all P b 0.05), respectively. At all time points, the number of TUNELpositive cells was significantly greater in RGNNV-infected GL-av cells than mock-infected GL-av cells. When the membrane integrity of GL-av cells was tested using acridine orange (AO) and ethidium bromide (EtBr) (dual dye labels used to identify apoptotic and postapoptotic necrosis cells), double-stained cells were observed at 72 h p.i. under phasecontrast microscopy. Fluorescence microscopy ( showed that the apoptotic (Ap) cells were AO-positive (Figs. 3C: b and c), the membrane integrity remained intact, and EtBr staining was negative. The postapoptotic necrotic (PN) cells were double positive (both green and orange) (Figs. 3C: b-c). Postapoptotic necrotic cells only weakly stained with AO, but because membrane integrity was lost, they showed positive staining with EtBr. At the same time, normal control GL-av cells were only stained with AO ( Fig. 3C: a) .
Secondary necrosis is correlated with loss of mitochondrial membrane potential in GL-av cells and is inhibited by the ANT-specific inhibitor BKA
To determine whether MPTP is involved in the cellular death induced by RGNNV infection, two known MPTP inhibitors, BKA and CsA, were used in inhibition tests of NNV-infected GL-av cells. GL-av cells were pretreated with BKA (1.6 μM) or CsA (16 μM) before RGNNV infection. BKA effectively blocked PS exposure in RGNNV-infected GL-av cells (Figs. 4C and D) (showing only slight staining for annexin V at 24 h p.i. in the presence of BKA and high percentage of annexin V-positive cells in its absence; Figs. 4A and B). CsA had no effect (data not shown). Then, the numbers of postapoptotic necrotic cells that showed bleb formation and PI positive staining were dramatically decreased by BKA treatment (compare Figs. 4F with E; arrows). BKA reduced the percentage of apoptotic cells from 75% to 36% and postapoptotic necrotic cells from 5% to 1.5% at 24 h p.i. (Fig. 4G ). The number of Ab and PN was significantly greater in infected GL-av cells than in mockinfected GL-av cells.
Mitochondrial function was evaluated using MitoCapture Reagent (Apoptosis Detection, Mitochondria BioAssay™ Kit). The Mitocapture dye aggregates in the mitochondria of healthy cells and fluoresces red. In apoptotic cells, the dye cannot accumulate in mitochondria, remains as monomers in the cytoplasm, and fluoresces green. RGNNV-infected GL-av cells at 24 h p.i. quickly lost MPTP and the amount of red fluorescence decreased ( Fig i., the number of cells with MPTP loss was significantly greater in RGNNV-infected GL-av cells than mock-infected or BKA-pretreated infected GL-av cells. And finally, RGNNVinduced loss of MPTP corresponded to loss of cell viability (Fig. 5C ). BKA enhanced cell viability of infected cells from 60% to 110% at 24 h p.i., and from 18% to 120% at 48 h p.i. The uninfected cell control also showed high viability at 24 h (120%) and 48 h (123%). Neighboring cells failed to phagocytose secondary necrotic cells RGNNV-infected cells underwent postapoptotic necrosis (secondary necrosis [SN]), but neighboring cells failed to engulf these secondary necrotic cells (Fig. 6) . The SN cells were also aggregated and attached to the surface of normal cells (Figs. 6A and B) as evidenced by the orange color indicative of PS exposure (Fig. 6B, arrows) 
Discussion
RGNNV-infected fish lie on their sides, float belly up, or swim abnormally (such as swimming in circles or to the right). Histopathological changes in infected fish include extensive cellular vacuolation and neuronal degeneration by necrosis in the central nervous system and retina (Delsert et al., 1997; Grotmol et al., 1999; Mori et al., 1992; Nakai et al., 1994) . Although betanodavirus infection is known to induce neuronal degeneration and is correlated with abnormal swimming, this effect remains an interesting problem for possible investigation in the future. In the present study, the process of switching from early apoptosis to necrosis was investigated to explain how RGNNV TN1 infection damages host cells. The features of necrotic and apoptotic cell death are well described and reviewed elsewhere (Kerr et al., 1972; Jaeschke and Lemasters, 2003) . Apoptosis is a morphologically distinct form of cell death that spontaneously occurs in many different tissues under various conditions (Falcieri et al., 1994) . It occurs in distantly separated cells and progresses very rapidly, never causing exudative inflammation in tissues. No cell hydration takes place, but nuclear (see Fig. 3A: d , the TUNEL-positive cell) and cytoplasmic condensation ( Fig. 3C: c; the Ap cell) can appear, followed by the formation of numerous membranebound cell fragments termed "apoptotic bodies." In contrast to necrosis, the nuclear organization is completely lost (see Fig.  3C: c, the PN cell) . Surprisingly, both cytoplasmic and organellar components remain intact for some time unless the cell undergoes secondary necrosis (see Fig. 3C : c, the PN cell). This penultimate event is due to plasma membrane rupture and consequently the abrupt loss of the plasma membrane permeability barrier Hong et al., 1998) . Secondary necrosis, sometimes called "postapoptotic necrosis," occurs only in the final apoptotic stage (Falcieri et al., 1994) .
The A recently discovered family of proteins, the annexins, has been found to have a high affinity for aminophospholipids in the presence of Ca 2+ (Andree et al., 1990; Raynal and Pollard, 1994) . A member of this family, annexin V, has been shown by several groups to preferentially bind PS (Andree et al., 1990; Tait et al., 1989; Thiagarajan and Tait, 1990) . Thus, annexin V provides a convenient tool for determining directly whether changes in membrane PS distribution occur as a general feature of apoptosis and measuring the kinetics of these changes on a single-cell basis. Our study found that RGNNV-induced apoptosis and postapoptotic necrosis ( Figs. 2A: d and 4E) were accompanied by increased annexin V-binding (dramatic changes in PS distribution) to the plasma membrane. The observations of Fadok et al. (1992) suggest that apoptotic lymphocytes lose membrane phospholipids asymmetry and expose PS on the outer leaflet of the plasma membrane. In early mid-apoptotic GL-av cells, we found that PS exposure occurred rapidly on the outer leaflet of the plasma membrane and that bulb-like vesicles developed (Figs. 2B: d-e and 4E). These events were very specific, but their function still remains to be examined.
Mitochondrial membrane permeabilization (MMP), which can affect both the inner and outer mitochondrial membranes, precedes the signs of necrotic or apoptotic cell death (Lemasters, 1999; Marzo et al., 1998; Narita et al., 1998; Shimizu et al., 2001; Kim et al., 2003) . MMP is mainly controlled by porins (voltage-dependent anion channel [VDAC] proteins) and adenine nucleotide translocase (ANT), two of the most abundant proteins of the outer and inner mitochondrial membranes. These have also been shown to interact with the Bcl-2 family of proteins and to mediate mitochondrial damage during apoptosis (Marzo et al., 1998; Narita et al., 1998; Shimizu et al., 1999) .
Many reports show that apoptosis correlates with signs of a permeability transition, such as loss of mitochondrial transmembrane potential (ΔΨm), and that induction of a permeability transition is enough to trigger cell death (Compton, 1999; Kroemer et al., 1998) . Some potent drugs inhibiting this permeability transition can prevent cell death (Compton, 1999; Kroemer et al., 1998) . For example, cyclosporine A (CsA), which is a non-immunosuppressive derivative that acts on cyclophilin D can inhibit apoptosis induced in vivo by brain trauma (Sullivan et al., 1999) and ischemia reperfusion damage (Compton, 1999) . Moreover, bongkreic acid (BKA), an ANT ligand that inhibits the permeability transition pore complex (PTPC), prevents apoptosis stimulated by diverse stimuli such as glucocorticoids (in thymocytes) (Kroemer et al., 1998) , excitotoxins (in neurons) (Budd et al., 2000) , and tumor necrosis factor (in hepatocytes) (Tafani et al., 2000) . However, such pharmacological inhibitors are not universally cytoprotective, implying that permeabilization of the mitochondrial membrane may involve individual PTPC components (for example, the VDAC without the ANT/cyclophilin D) or occur in a completely PTPC-independent fashion. Interestingly, in our grouper liver cell line, we found that BKA prevented up to 40% of NNV-induced apoptosis (Figs. 4B, D, and G) and eventually blocked postapoptotic necrosis in the mid-apoptotic stage up to 3.5% (reducing it from 5% to 1.5%) at 24 h p.i. (Figs. 4E, F and  G) . However, the cyclophilin D inhibitor CsA had no effect because cyclophilin D is located in the inner membrane (IMM) compartment and acts only in conjunction with ANT. Moreover, BKA inhibited the loss of the MPTP by up to 43% at 24 h p.i. (Figs. 5A: g, h, i, and C) , and enhanced the viability of infected cells by up to 50% ( Fig. 5D ; 24 h p.i.) and 112% (48 h p.i.), indicating that the loss of MPTP is strongly correlated with the infection-induced transition to postapoptotic necrosis from early apoptosis. On the other hand, zebrafish Bcl-x L blocked RGNNV-induced loss of MPTP (data not shown). Whether host cell death (which is also correlated to loss of MPTP and cytochrome c release) occurs via a caspase-dependent or caspase-independent pathway (Chipuk and Green, 2005) in this system remains to be discovered. The fact that some alphanodaviruses such as FHV (Miller et al., 2001) and NoV replicate in mitochondria (Garzon et al., 1990) or on the outer mitochondrial membrane (Miller et al., 2001) raises the question of whether apoptosis and viral replication on mitochondrial membranes are related. Our data showed that BKA, by blocking the loss of MPTP in RGNNV-infected cells, effected a 2 log (48 h p.i.) and 1.5 log (72 h p.i.) reduction in viral titer (data not shown). Though localization of the RNAdependent RNA polymerase (RdRp) of the betanodavirus GGNNV (Guo et al., 2004) in mitochondrial membrane has been shown, there is as yet no evidence linking RdRp to host cell apoptotic cell death. On the other hand, the capsid protein of GGNNV has been shown to induce apoptosis in SB cells (Guo et al., 2003) , but we found that the RGNNV capsid protein accumulates largely in the nucleus of GL-av cells. Possibly, RGNNV induces apoptosis when its RNA replication machinery in mitochondrial membranes is re-targeted to the ER as described by Miller et al. (2003) . On this point, we have some evidence to show that RGNNV-induced host cell death requires new protein synthesis, but whether a viral or host protein is essential is still unknown.
The apoptotic pathway and the engulfment process are part of a continuum that helps ensure the non-inflammatory nature of this death paradigm. Phagocytes recognize the surface of the dying cell most likely through an "eat me" signal. In mammalian systems, the best characterized "eat me" signal is phosphatidylserine displayed on the plasma membrane of dying cells (Savill and Fadok, 2000) . Evidence has been marshaled for the participation of multiple engulfment receptors including CD91, CD14, CD36, and αvβ 3 integrin, as well as the phosphatidylserine receptor Hong et al., 2004) . Studies in mammals have highlighted the importance or proper disposal of corpses by phagocytic cells (Savill and Fadok, 2000) . In addition to engulfment of apoptotic cells, macrophages are important regulators of proinflammatory responses by releasing cytokines such as TNFα. While proinflammatory factors are necessary in the immune reaction to infection, their suppression during apoptotic corpse clearance is essential.
We found that PS exposure is minor (6%) in early apoptotic stage at 12 h p.i. (Fig. 2C) , and increases quickly (to 60%) in the mid-apoptotic stage at 24 h p.i. (Fig. 2C) . In this stage, some cells enter the postapoptotic necrotic phase (5%; Fig. 4G ). Late apoptotic GL-av cells that have also undergone postapoptotic necrosis (secondary necrosis) and failed to be engulfed by neighboring cells (Figs. 6A-D) may have lost PS molecules and may have no PS receptors. But this issue remains unresolved.
In a previous study, Guo et al. (2003) found that greasy grouper (E. tauvina) nervous necrosis virus (GGNNV) of the Singapore strain can induce apoptosis possibly by activating caspase-3 in SB cells (Guo et al., 2003) . On the other hand, in our system, cell death was not consistently associated with caspase-8, -9, and -3 activation, suggesting involvement of an alternative mechanism such as caspase-independent cell death (CICD) (Chipuk and Green, 2005; Kroemer and Martin, 2005) .
In summary (see Fig. 7 ), NNV TN1 kills cells by inducing apoptosis, causing loss of mitochondrial membrane potential in the mid-apoptotic stage. This loss may contribute to the triggering of secondary necrosis in the late apoptotic stage , the cell partially detaches from the extracellular matrix and PS is exposed. (C) In the middle stage (12-24 h p.i.), the apoptotic cell is more detached from the extracellular matrix, blebs form from the plasma membrane, DNA fragmentation occurs, and MPTP loss, which can be blocked by BKA, occurs. Finally, in the late stage of apoptosis (24-48 h p.i.), either nuclear membrane integrity is disrupted or a postapoptotic necrosis (secondary necrosis) occurs, during which the plasma membrane is ruptured causing loss of the plasma membrane permeability barrier. and the failure of neighboring cells to engulf secondary necrotic cells. In addition, secondary necrotic cell death is also prevented by the ANT inhibitor BKA but not by the cyclophilin D inhibitor CsA. BKA may be a therapeutic agent for this viral infection.
Materials and methods
Cell culture and reagents
The grouper liver cell line (GL-av) was subcloned from the grouper liver cell line (GL-a) obtained from Dr. Lang (Institute of Biotechnology, National Cheng-Kung University, Taiwan, ROC). The cell line was grown at 28°C in Leibovitz's L-15 medium (GibcoBRL, Gaithersburg, MD, USA) supplemented with 5% fetal bovine serum and 25 μg/ ml of gentamycin. Annexin V-FLUOS Kit and In Situ Cell Death Detection Kit were purchased from Roche GmbH (Mannheim, Germany). Bongkrekic acid (BKA), cyclosporine A (CsA), and acridine orange (AO) were all purchased from Sigma Chemical Co. (St. Louis, MO, USA). Anti-NNV particle polyclonal antibody was obtained from Dr. Jen-Leih Wu's Laboratory. ECL Western blotting detection system kit was purchased from Amersham (Piscataway, NJ, USA). Apoptosis Detection, Mitochondria BioAssay™ Kit was purchased from USBiological (Jomar Diagnostics Pty. Ltd., Stepney, SA, Australia).
Virus
Naturally infected red grouper larvae were collected in 2002 in the Tainan prefecture and were the source of red spotted grouper nervous necrosis virus (RGNNV Tainan No. 1; RGNNV TN1) used to infect GL-av cells. The virus was purified as described by Mori et al. (1992) and stored at −80°C.
Western blot analysis
The GL-av cells were cultured by seeding 10 5 cells/ml in a 60-mm Petri dish for 20 h prior to rinsing the monolayers twice with phosphate-buffered saline (PBS). Cells were infected at a multiplicity of infection (m.o.i.) of 5 with RGNNV TN1 strain (previously propagated and titrated in GF-1 cells where the virus was found to have a TCID 50 of 10 8 /0.1 ml), and infected cells were incubated for 0, 6 h, 12 h, 24 h, 30 h, 36 h, 48 h, and 54 h. At the end of each incubation time, the culture medium was aspirated and the cells were washed with PBS and then lysed in 0.3 ml of lysis buffer (10 mM Tris base, 20% glycerol, 10 mM sodium dodecyl sulfate [SDS] , and 2% β-mercaptoethanol [β-ME], pH 6.8). An aliquot of the lysate was used for the separation of proteins by SDS-polyacrylamide gel electrophoresis (Laemmli, 1970) . The gels were subjected to immunoblotting (Kain et al., 1994) . Blots were incubated with a 1:3000 dilution of rabbit anti-RGNNV polyclonal antibody and subsequently a 1:7500 dilution of a peroxidaselabeled goat anti-rabbit conjugate (Amersham Biosciences, Piscataway, NJ, USA). Binding was detected by chemiluminescence and captured on Kodak XAR-5 films (Eastman Kodak, Rochester, NY, USA).
Annexin V-FLUOS staining
An analysis of PS on the outer leaflet of apoptotic cell membranes was performed using annexin V-fluorescein and propidium iodide (PI) to differentiate apoptotic from necrotic cells. At the end of various incubation times (0, 12 h, and 24 h), each sample was removed from the medium and washed with PBS, and then cells were incubated with 100 μl of staining solution (annexin V-fluorescein in a HEPES buffer containing PI; Boehringer-Mannheim, Mannheim, Germany) for 10-15 min. Evaluation was by fluorescence microscopy using a 488nm excitation and 515-nm long-pass filter for detection (Hong et al., 1998) .
TdT-dUTP labeling
For TdT-dUTP labeling, GL-av cells (10 5 cells/0.1 ml) were seeded on 35-mm Petri dishes (Nunc) at 28°C for 20 h. The negative control dishes received 2 ml of 5% FBS L-15 medium. The two treatment groups were then incubated at 28°C for 0, 12 h, 24 h, 48 h, and 72 h, after which the cells were harvested from the medium, washed with PBS, mounted on slides, and then fixed with a freshly prepared paraformaldehyde solution (4% in PBS, pH 7.4) for 30 min at room temperature. Slides were washed with PBS and incubated with blocking solution (0.3% H 2 O 2 in methanol) for 30 min at room temperature.
Petri dishes were rinsed with PBS, incubated in permeabilization solution (0.1% Triton X-100 in 0.1% sodium citrate) for 5 min on ice, and rinsed again twice with PBS. Next, 50 μl of TUNEL reaction mixture (from an in situ cell death detection kit; Boehringer-Mannheim) was added to the sample, and the Petri dishes were incubated in a humidified chamber for 60 min at 37°C. Samples were either examined under a fluorescence microscope in this state, or under a phase-contrast microscope after signal conversion, which was accomplished by incubating samples with 50 μl of anti-fluorescein antibody conjugated with horseradish peroxidase (POD). The Petri dish was incubated in a humidified chamber for 60 min at 37°C and rinsed with PBS. Finally, 50-100 μl of DAB substrate solution was added for 10 min at room temperature. The Petri dish was then rinsed with PBS and a glass coverslip was placed in the bottom of the dish, which was examined under a light microscope (Hong et al., 1998) .
Cell counts
The number of TdT-dUTP-labeled nuclei (TUNEL-positive cells) and annexin V-fluorescein-positive cells in each sample was counted per 200 cells. Results were all expressed as mean ± SEM. Data were analyzed using either paired or unpaired Student's t tests, as appropriate. A value of P b 0.05 was taken to represent a statistically significant difference between group mean values.
Evaluation of mitochondrial membrane potential with a lipophilic cationic dye
For assessment of mitochondrial membrane potential (ΔΨm), NNV-infected GL-av cells were stained using a MitoCapture (Mitochondria BioAssay™ Kit) that contained a lipophilic cation dye, which is trapped in mitochondria when ΔΨm is normal and released into the cytoplasm when it is not. Loss of fluorescence intensity observed under fluorescence microscopy was taken as a marker of mitochondrial membrane potential disruption. GL-av cells were pretreated with 1.6 μM BKA or 40 μM CsA for 2 h before virus infection. The NNV-infected GL-av and normal control cells in 60-mm Petri dishes were incubated at 28°C for 0, 24 h, and 48 h. Then, the medium was discarded, 500 μl of diluted MitoCapture reagent was added, and each dish was incubated at 37°C for 15-20 min. Evaluation was by fluorescence microscopy using a 488-nm excitation and 515-nm long-pass filter for detection of fluorescein and using a 510-nm excitation and 590-nm long-pass filter for detection of rhodamine.
Quantification of cell viability
About 10 5 GL-av cells/ml were seeded in a 60-mm Petri dish, cultured for 20 h, and then pretreated with 1.6 μM BKA or 40 μM CsA for 2 h before virus infection. NNV-infected GL-av and normal control cells were incubated at 28°C for 0, 24 h, and 48 h. At the completion of the various culture periods, the cell layers were washed with PBS, and treated with 0.5 ml of 0.1% trypsin-EDTA (GIBCO) 1−2 min. Cell viability was determined using a trypan blue dye exclusion assay (Mullen et al., 1975) . Cell viability at each time point for each cell line was determined in triplicate; each point represents the mean viability of three independent experiments ± the standard error of the mean (SEM). Data were analyzed using either a paired or unpaired Student's t test as appropriate. A value of P b 0.05 was taken to represent a statistically significant difference between mean values of groups.
Staining secondary necrotic cells with acridine orange/ethidium bromide One milliliter of cells (10 5 cells/ml of culture medium) was seeded into a 35-mm Petri dish (Nalge Nunc International) and incubated at 28°C for 20 h. Cells were left untreated or were infected with 5 m.o.i. of virus and incubated for 0, 24 h, 48 h, or 72 h at 28°C. At each time point, RGNNV-infected cells were stained with acridine orange (1 μg/ml)/ethidium bromide (1 μg/ ml) in culture medium for 5 min at room temperature. The stained cells were placed on a glass slide and covered with a 22mm 2 coverslip. To determine the proportion of dye-stained cells, Petri dishes were examined by fluorescence microscopy using an Olympus IX71 microscope equipped with a BP450-480 band-pass excitation filter and a BA515 barrier-emission filter.
